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Abstract
The cross section for the reaction p+6Li→ η+7Be was measured at an excess energy of 11.28 MeV
above threshold by detecting the recoiling 7Be nuclei. A dedicated set of focal plane detectors was
built for the magnetic spectrograph Big Karl and was used for identification and four momentum
measurement of the 7Be. A differential cross section of dσdΩ = (0.69±0.20( stat.)±0.20( syst.)) nb/sr
for the ground state plus the 1/2− was measured. The result is compared to model calculations.
PACS numbers: 13.75.-n, 25.40.Ve, 25.90.+k
Keywords: Eta meson production in nuclei; final state interactions; N∗ resonance;
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INTRODUCTION
The possibility of the η meson forming a quasi-bound state in a nucleus was first raised
by Haider and Liu [1]. Such a state could arise as a consequence of the strongly attractive
η-nucleon interaction that is driven by the N∗(1535)S11 resonance. By using the s-wave ηN
scattering length aηN ≈ (0.28+0.19i) fm, Bhalerao and Liu [2] found that the η meson could
form a quasi-bound state with nuclei of mass number A ≥ 10 [1]. Other groups found similar
results when starting from this relatively small value of aηN [3, 4]. However, Rakityansky et
al. [5] claimed that an η-nucleus quasi-bound state may exist for A ≥ 2, but widths of such
quasi-bound states could be small only for the η4He system. Binding of the η4He system was
also found in [6] and [7]. All calculations spanning a larger mass scale found that binding
increases with increasing mass number.
In a recent study we found strong evidence that such a quasi bound state exists for
η⊕25Mg by making use of a two nucleon transfer reaction p+27Al→3He+X at recoil free
conditions [8], i.e. the 3He carries the beam momentum and the bound η is almost at
rest. Then a second step occurs inside the nucleus η + n → π− + p with the two charged
particles being emitted almost back to back. These two charged particles were recorded with
a dedicated large acceptance detector [9].
Another approach to search for such quasi-bound η nuclei is to study the final state
interaction (FSI ) in two body final state reactions. Recently, two different experiments
at COSY Ju¨lich measured η production in pd → η3He reactions very close to threshold
with extremely high precision data [10, 11]. Whereas Smyrski et al. [10] claimed that
only a scattering length is sufficient to describe the data, Mersmann et al. [11] found a
better description when an effective range is also taken into account. The result of the first
group is a3Heη = [± (2.9± 2.7) + i · (3.2± 1.8)] fm, while the second group reported a3Heη =
[
±
(
10.7± 0.8+0.1
−0.5
)
+ i ·
(
1.5± 2.6+1.0
−0.9
)]
fm and r0 =
[
(1.9± 0.1) + i ·
(
2.1± 0.2+0.2
−0.0
)]
fm for
the effective range. However, Smyrski et al. did not include smearing due to the experimental
resolution in the calculation. The nearby pole hypothesis is confirmed by a careful study
of the energy dependence of the angular variation [12]. Since the data are not sensitive to
the sign of the real part of the scattering length, the quest for a bound state or an unbound
pole can not be answered. The pole position or binding energy is
|Q3Heη| ≈ 0.30 MeV. (1)
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From the model calculations it is known that binding is more probable for heavier nuclei than
for lighter nuclei. Indeed in a recent study of the s wave in d d→ η α reaction [13] employing
a tensor polarized deuteron beam a scattering length a4Heη = [± (3.1± 0.5) + i · (0± 0.5)] fm
was found yielding a pole position
|Q4Heη| ≈ 4 MeV. (2)
Hence one can expect the binding of η mesons with A=7 nuclei to be even stronger.
EXPERIMENT
In this paper we present results of a measurement of η production on 6Li:
p+6 Li→ η +7 Be. (3)
Such a measurement was performed earlier at SATURNE [14] at a proton beam energy of
683 MeV, corresponding to a momentum of 1322 MeV/c or to an excess energy of 19.13
MeV. Two photons were measured with a two-arm spectrometer. In total eight events were
detected with three being believed to stem from background. A differential cross section of
dσ/dΩ = (4.6 ± 3.8) nb/sr was reported. This value corresponds to the sum of the ground
and all excited states of 7Be up to about ≈ 10 MeV excitation. These are the particle
bound states with L = 1: 3/2 (g.s.) and 1/2 (0.43 MeV), and particle unbound states
with L = 3: 7/2 (4.57 MeV) and 5/2 (≈ 7 MeV) [15]. The reaction was theoretically
studied by assuming a reaction p d→ η3He with an additional α particle as a spectator [16].
Including the excited states, the experimental cross section could be reproduced. However,
the coincidence in values was assumed to be largely fortuitous in view of the large error bars
in both the experiment and prediction.
Here we report on an experiment which was conducted even closer to threshold. In
contrast to the previous experiment [14] we measured the 7Be nucleus. This reduces the
number of possible excited states to only one since all other excited states are particle
unbound. In the next paragraph we will present the experiment. Then we will discuss the
result and finally state our conclusions.
The experiment was performed at the cooler synchrotron COSY at Ju¨lich. A proton
beam of 1310 MeV/c momentum corresponding to a beam energy of 673.1 MeV was used.
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The excess energy for reaction (3) is 11.28 MeV. The recoiling 7Be nuclei were detected
with the magnetic spectrograph Big Karl [17, 18]. The layout is schematically shown in Fig.
1. Since the rather low energy Be nuclei are strongly ionizing a different set up than the
usual one in the focal plane had to be developed. All detectors were placed in a box made
of steel. Vacuum pumps were mounted on the top. It was flanged with its front side to
the exit window of the spectrometer. The window has dimensions 65.5× 6.5 cm2. On both
sides there are three flanges which were used to feed the detector signals out of the vacuum.
Detectors used to measure the reaction product position and their emission direction were
two multi-wire avalanche chambers (MWAC), each of size 70×8 cm2. Each chamber had
546 wires inclined by 45◦to the left and a similar number inclined to the right. Therefore
they were position sensitive in the horizontal as well as vertical direction. Each wire had
diameter of 20 µm, so that only 0.04% of the chamber area was filled with wire material.
The chambers were subdivided into a right and a left half with separate delay line read out.
The response of the chambers to ions was tested with beams of 7Li at 48 MeV, 12C at 60
MeV and 16O at 50 MeV delivered from the BARC-TIFR pelletron accelerator in Mumbai.
The two MWACs were followed by two layers of plastic scintillators. The first one was
a bar with dimensions 60×8 cm2. It had a thickness of 0.5 mm and served as ∆E detector
as well as start detector for a TOF measurement. The second layer was a stack of four
scintillators of 70×2 cm2, each 2 mm thick. It served as an E detector as well as a stop
detector for the TOF measurement. The distance between ∆E and E detector was 1.02 m,
and that between the two MWACs 0.445 m.
The incident beam intensity was measured by calibrated luminosity monitors left and
right of the target at large angles. The total number of incident protons was (6.97± 0.70)×
1013. The target was a metallic self supporting foil produced by rolling to a thickness of 100
µm. It was isotopically pure to 99%. Its thickness was a compromise between count rate
and energy resolution. It was optimized to 100µm, corresponding to an energy resolution of
1 MeV. Hence it was not possible to separate and to distinguish between the ground state
and the first excited state of 7Be.
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RESULTS
The number of 7Be nuclei is expected to be small so that particle identification is im-
portant to distinguish between frequent background and rare events. Therefore particle
identification was performed by redundant methods.
In Fig. 2 the time of flight is shown as a function of the momenta of the particles. The
7Be ions were expected to fall between the bands of deuterons plus α-particles and 3He.
Fig. 3 shows the relation between TOF and energy of the particles. Also on this plot 7Be
nuclei can be well separated from other species. Similar selections were done for ∆E − E
measurements. The loci for different particles were consistent with Monte Carlo simulations.
The obtained missing mass distribution is shown in Fig. 4. Finally simulations were
performed for multi-pion production similar to [13]. The four pion production has no accep-
tance in the present set-up. Two and three pion production have almost the same missing
mass distribution. We then fitted the distribution to the data except to those in the peak
area. This physical background was then subtracted and the remaining count rate converted
back to integer numbers. This doesn’t introduce a large error since the background is al-
most 2.0 in the peak region. For the events surviving all these cuts and after subtracting
background, we obtain the missing-mass distribution which is shown in Fig. 4. A peak like
structure remains containing 15 counts. Fitting the pion background simultaneously with a
Gaussian yields 12.7±5.0 counts. We therefore assume a systematic uncertainty in the total
number of counts of 25%. The number of counts can now be converted into cross section.
For these events an angular distribution in the c.m. system was deduced which is shown in
Fig. 5. Since we have a small number of counts, we make use of Poisson statistics, yielding
asymmetric statistical errors. Systematic uncertainties stem from target thickness (10%),
total beam flux (10%), and multi-pion background (25%). All other uncertainties are much
smaller. Adding all these uncertainties in quadrature gives for the differential cross section
a value
dσ
dΩ
= (0.69± 0.20( stat.)± 0.20( syst.)) nb/sr. (4)
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DISCUSSION
This cross section with two possible final states at an excess energy of 11.28 MeV is
smaller than the number 4.6± 3.8 nb/sr quoted for an excess energy of 19.13 MeV and four
final states [14]. In order to make a comparison of the cross sections more meaningful we
subtract from the latter experimental result the contributions of the L = 3 states. Al-Khalili
et al. [16] derived an expression for the differential cross section
dσ(p6Li→ η7Be)
dΩ
= C
p∗η
p∗p
|f(pd→ η3He)|2
∑
j
2j + 1
2
F2j , (5)
with j the total angular momentum of the final states in 7Be and Fj their form factors. C is
the overlap of cluster wave functions, p∗η and p
∗
p the center of mass momenta of the final and
initial system, and |f | the spin averaged matrix element of the underlying more elementary
reaction, treating the α particle as a spectator. This reaction is illustrated in Fig. 6. We
then obtain from Eq. 5
dσ(L = 1)
dΩ
=
dσ(exp.)
dΩ
∑
j=3/2,1/2
2j+1
2
F2j∑
j=3/2,1/2,7/2,5/2
2j+1
2
F2j
(6)
where the experimental cross section contains contributions from L=1 and L=3. The re-
sulting value is compared in Fig. 8 with the present result. The difference between the two
experimental results is now much smaller as expected.
Since new data for the underlying pd → η3He reaction have recently been reported, we
have used all data in the vicinity of the threshold [10, 11, 19, 20] to derive |f |2 = p∗p/p
∗
ησ(pd→
η3He)/dΩ with p∗p,η the c.m. momenta of the initial and final state.
The matrix element |f |2 at 19.13 MeV is now significantly smaller than the value assumed
in [16]. Since the interval of transferred momentum is narrow we ignore its dependence on
the overlap integral and on the the form factor and calculate the cross section for the present
reaction according to Eq. (5). It is also shown in Fig. 8 as dashed curve. It accounts for
the present measurement and meets the error bar of the earlier measurement. It should be
mentioned that the calculation is expected to be correct within 66% due to an uncertainty
in F2
3/2. The shape of the resulting curve is almost the same as the one for the pd → η
3He
reaction. This is so since the phase factors p∗p/p
∗
η for the underlying reaction and the present
reaction are almost identical (see Fig. 7). This model can therefore not give a decisive
answer whether a possible pole in FSImoves to a larger Q-value for the present reaction.
6
A more recent calculation was reported by the Mumbai group [21]. Again the target
and the residual nuclei were treated as being composed of two clusters. The input is the
η-nucleon interaction where they have assumed a large scattering length in agreement with
a bound state. In addition to the graph shown in Fig. 6 they included a rescattering term.
The shape of the excitation function thus becomes different than the one for the underlying
pd → η3He reaction. Their results where the cluster wave functions were generated by
Woods-Saxon potential are also shown in Fig. 8. Here we have divided their result for the
total cross section by 4π. This calculation with a rather large η-nucleon scattering length
differs largely from the one within the model of [16]. The calculation without FSI, which
is phase space behavior, shows the energy dependence of the data but underestimates the
measured data. A small FSI can not be ruled out.
In summary we have measured the momentum ~p of 7Be nuclei from the reaction p+6Li→
η+7Be at a beam momentum of 1310 MeV/c with the high resolution magnetic spectrograph
Big Karl. Dedicated focal plane detectors were developed and used: MWACs and ∆E − E
scintillators. The latter permitted time-of-flight measurements. All detectors were working
in vacuum. A differential cross section of 0.69 nb/sr in the c.m. system was obtained
which corresponds to a total cross section of (8.6 ± 2.6 stat. ± 2.4 syst.) nb when isotropic
emission is assumed. This cross section at an excess energy of 11.28 MeV is almost an
order of magnitude smaller than the number 4.6 ± 3.8 nb/sr quoted for an excess energy
of 19.13 MeV [14]. However, in the present experiment only two possible final states exist
corresponding to angular momentum states with only L = 1 while in the earlier experiment
four final states with L = 1 and L = 3 contribute. Comparison for only L = 1 states reduces
the difference. The data were compared with model calculations. Although the calculations
predict the right order of magnitude one can not distinguish the size of the FSI. More data
especially closer to threshold are necessary to pin down the open problems.
The reactions of η production on light nuclei with two-body final states as discussed in
section and in this work have been performed at energies below the η production threshold
of proton-proton interactions. Different scenarios have been applied to account for such
processes like multi-step processes, interaction of the projectile with a nucleon having large
Fermi momentum and coherent interaction. Thus subthreshold η production on light nuclei
is interesting in itself. In addition η production differs from π0 production due to its coupling
to a resonance (the N∗(1535)). We compare the present total cross section with those for
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other light nuclei reactions for about the same excess energy. The values are 407±20 nb for
p + d → η+3He reaction[11], 16±1.6 nb for the d + d → η+4He reaction [13], and for the
present p +6 Li → η +7 Be reaction: (8.6 ± 2.6 stat. ± 2.4 syst. nb. This shows a dramatic
decrease of the cross section with increasing mass number for the proton induced reactions.
The center of mass momenta in all three reactions are compatible. This is in strong contrast
to inclusive production in heavy ion collisions where a dependence σ ∝ (ApAt)
2/3 was found
[22]. So the origin of the decrease will be the A-dependence of the corresponding form factors
at the large momentum transfer of 800 to 900 MeV/c. This reflects the fact that it is more
unlikely to fuse to a heavy system than to a light system.
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FIG. 1: (Color online) Schematic view of the Big Karl set up. The beam is focussed with the help of
four quadrupole magnets in the beam line onto the target. With Q1, Q2, Q2a and Q3 quadrupole
magnets in the spectrometer are designated whereas D1 and D2 denote dipole magnets. MWAC
are multi-wire avalanche chambers. ∆E and E are five scintillators measuring energy and TOF.
The focal plane detectors are mounted in a vacuum box which is connected to the vacuum in the
magnets.
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FIG. 2: The time difference due to time of flight and the momentum of the particles as measured
in MWAC 2.
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FIG. 3: Scatter plot of time of flight as function of the output of the E scintillator.
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